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STUDY OF JET -PROPULSION SYSTEM COMPRISING 
BLOWER, BURNER, AND NOZZLE 
By Bonjsuain Finkel and Eldon W. Hall 

SUMMARY 

A study was mado of the performance of a jet -propulsion system 
composed of an engine-driven blower, a combustion chamber, and a 
discharge nozzle. A simplified analysis is made of this system for 
the purpose of showing in concise form the effect of the import? nt 
design variables and operating conditions on jet thrust, thrust 
horsepower, and fuel consiuuption. Curves are presented that permit 
a rapid evaluation of the performance of this system for a range of 
operating conditions. The performance for an illustrative case of 
a power plant of the type under consideration is discussed in detail. 

It is shown that for a given airplane velocity the jet thrust 
horsepower depends mainly on the blower power and the amount of fuel 
burned in the jet; the higher the thrust horsepower is for a given 
blower pow^r, the higher the fuel consumption per thrust horsepower. 

Within limits the amount of air pumped has only a secondary 
effect on the thrust horsepower and efficiency. A lower limit on 
air flow for a given fuel flow occurs where the combustion-chainbur 
temperature becomes excessive on the basis of the strength of the 
Structure. As the air -flow rate is increased, an upper limit is 
reached where, for a given blower power, fuul-flow rate,. and 
combustion- chamber size, further increase in air flow causes a 
decrease in power and efficiency. This decrease in power is caused 
by excessive velocity through the combustion chunbor, attended by 
an .excessive pressure drop caused by momentum changes occurring 
during combustion. 



INTRODUCTION 

The performance of a jet-propulsion system depends on a large 
number of variables, and an exact analysis results in complicated 
equations that tend to obscure the effects of the important variables. 
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In the analysis in the present report a number of simplifying 
assumptions are ffiftfie that lead to concise equations with only a 
small sacrifice of accuracy. These equations may be represented bj 
a relatively small number of curves that permit a rapid evaluation 
of the performance of a jet-propulsion system for any given set of 
conditions and show clearly the effect on performance of changes in 
any of the important design variables or operating conditions. 

The jet-propulsion device under consideration lends itself veil 
to interceptor and pursuit aircraft because of the good economy for 
cruising and the very high maximum power and thrust obtainable for 
short durations. An illustrative example of such an application is 
discussed and the performance in take-off, cruise, and high-speed 
operation is given. 



SYMBOLS 

Ap area of duct cros3 section at combustion chamber, (34 ft) 

B engine brake specific fuel consumption, (lb)/(bhp-hr) 

Cp average specific heat of air at constant pressure, 

(Btu)/(slug)(°F) 

Cy velocity coefficient of nozzle 

f-k correction factor for jet specific fuel consumption for 

changes in T^ a and airplane velocity 

f c correction factor for jet specific fuel consumption for 

changes in Cy 2 e 

F net thrust, (lb) 

h lower heat value of fuel, (Btu)/(lb) 

J mechanical equivalent of heat 778, (ft-lb)/(Btu) 

M mass rate of air flow through duct, (slug)/ (sec) 

p pressure, (ib)/(sq. ft) 

Ap^ - pressure drop across burner due to burner drag, (lb)/(sq ft) 

Ap 3 4 pressure drop in combustion chamber due to the heating of 
the air, (lb)/(sq ft) 
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P e engine brake horsepower 



q. 2 dynamic pressure due to velocity at combustion- chamber 
entrance, (lb)/(3q ft) 



gas constant 1716.3, (f t-lb)/( slug) (°F) 



T temperature, (°F absolute) 

T 2a ideal total temperature after blower on the assumption that 
the heat resulting from friction and turbulence is removed 
as it is generated, (°F absolute) 

T 4 total temperature after combustion, (°F absolute) 

thp jet thrust horsepower 

V velocity, (fps) 

V Q airplane velocity, (fps) (also air-entrance velocity to system) 

7 5a J et velocity leaving nozzle witiiout combustion for the same 
initial conditions that give |g with combustion, (fps) 

W f total fuel consumption, (lb)/(hr) 

w fe e n^ine fuel consumption, (lb)/(hr) 

j Jet fuel consumption, (lb)/(hr) 

X ratio of net added power to initial kinetic energy of air 

a = f^f or a = a 

7 ratio of specific heat at constant pressure to specific heat 
at constant volume, 1.4 

c correction factor for pressure drop due to change in momentum 
during combustion 

T) b blower efficiency based on total temperature and pressure at 
blower entrance and exit 

n c combustion efficiency 
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P gas density^ (slv.g)/(cu ft) 

Sub scripts: 

0 free air 

1 out of diffuser "before "blower 

2 at combustion- chamber entrance ahead, of "burner 

3 at combustion-chamber entrance after burner 
d- at ccmbustion-chcmber exit "before nozzle 

5 at nozzle exit 

a. conditions corresponding to the case in which no jet fuel 

is "burned 

AMLYSIS 

The jet -propulsion system under consideration is shown diagram - 
matically in figure 1. It consists of a diffuser in which a part of 
the velocity head of the entering air is converted into pressure head, 
a Slower for further compressing the air, a burner for introducing 
fuel into the combustion chamber > a combustion chamber in which the 
fuel is "burned, and a nozzle through which the jet issues into the 
atmosphere . The blower may be driven by a conventional engine or by 
any other suitable prime mover. Although the blower is shown oper- 
ating in the low-velocity zone of the duct ; it may be placed in any 
convenient location with diffusers placed before and after the blower 
without appreciably altering the accuracy of the analysis. 

It is assumed that all the burning occurs between sections 3 
and 4 of figure 1 and that the pressure drop across the burner Ap 2 _ 3 
is ecmal to that for the unburned air. 
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The analysis is given in detail in appendixes A, B, and C. 
The following equations summarize the results and are used for plot- 
ting the curves: jet thrust horsepower per initial kinetic power 



r 



550 thp_ _ 

9 ■ o 



Jc v 2 e (l + x) - 1 



where 



X = 



'a. e 



ho 1 



in which 



*2 Vol 



or 



55Q Ve 



\ V o/ 



2~ 



_ Ap 2 . 3 f^Y 



and 



1 - 



I§] 2 f* 4 - 1 
V \ T 2~a 



1 + X 



jet thrust per unit mass air flow, 



F/M - JCy 2 e (V Q 2 + v 0 2 X) - V 0 (lb) /(slug) /(sec) (19) 
"blower-power magnification, 



(18) 



(9) 



(3) 



(6) 



(17) 



thp 



T 4 



\H T 



2a 



(1 + X) - 1 



X + 1 

fuel -consumption factor of the jet, 



(20) 
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( T 4 \ 
Cp 3800 ^--ijsSO f 



n <?n m _ Z_ _^,i*ga /— — ■ (ib)Athp-iir) (21) 



thp 



o 



and engine fuel consumption, 

VV. = BP, (Ib)/(hr) (22) 



«fe _ nr e 

or 



thp - j / «WVe 

2 y% 2 € 5— (1 + X) - 1 

The value of T 2a may he computed from 

1 2a x o 2jc p MJc p 

The value of the combustion-chamber-apprcach velocity V 2 , 
required for the computation of X and 6, is in many cases known 
because the maximum value of V 2 , at which combustion can be main- 
tained, is often a design limitation. If, however, the mass rate 
of flow of air M and the combustion-chamber cross-sectional area 
Ar, are given, then, when V 2 is small, a value of sufficient accu- 
racy for determining X and e can be obtained from 

V - M - 



2 ~~ V2 

on the assumption that P 2 is nearly equal to atmospheric density. 
Where Vo is large and the blower-pressure ratio is considerably 
greater than unity, it may be necessary to make a more accurate com- 
putation of V 2 by means of the equations in appendix C . In most 
cases an approximate value for V 2 is adequate. 

It is noted in equation (18) that, as eT 4 /T 2a is increased, 
the jet thrust horsepower increases (all other conditions remaining 
constant). The term e represents the effect of the momentum pres- 
sure drop in the combustion chamber associated with the increase m 
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velocity caused "by combust j on- For a constant value of X and 
V2/V 0 ; the larger the combust ion-chamber temperature, the smaller 
is the value of e (equation (17)) and the greater is the adverse 
effect of the momentum pressiire drop on jet thrust horsepower. 
Thus an optimum value of T^.^a exisi:s at which CT^/Pg- and 
also thp are a maximum. This optimum value of T^/Tga is 
found by the usual method of calculus, which involves setting the 
derivative of eT^/T^ with respect to fck/f"©* equal .to zero and 
solving for T^/T^. This procedure results in the following 
expression for the optimum value of Ta/Eoo: 



T 2a 



1 + X + 



T 4 \ W c 



I 



Opt 2 
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Increase in combust ion temperature above this optimum value will 
result in a reduction in thrust hcrae"oovor« 



DISCUSSION 



Performance Charts 

Figure 2(a) shows the thrust horsepower in terms of the 
nondimensional quantity 

550 t hp 

plotted against X for various values of C^ 2 cT^/T^. The quantity 

550 thp 

represents the jet thruat horsepower as a ratio of the initial kinetic 
power of the air involved in the jet -propulsion cycle- From- these 
curves the thrust power for a given set of conditions can be readily 
evaluated. The term X in figure 2(a) represents the ratio of the 
net mechanical -power input into the air to the initial kinetic power 
of the air. The first term of X represents the blower-power output, 
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the second term represents the power loss in the diffuser, and the^ 
third term represents the power loss as "burner drag; each as a ratio 
of the initial kinetic energy of the air. In an efficient design 
the second and third terms of the quantity X are negligible. The 
power loss at the discharge nozzle is handled "by assigning the appro- 
priate value to the nozzle-velocity coefficient Cy in the term 
Cy 2 eT4/To a . The same term, hy assigning an appropriate value of e, 
takes care of the loss in power resulting from the pressure drop 
caused hy the momentum change that occurs during combustion. The 
value of e is 1 when the momentum pressure drop is negligible and 
decreases as the momentum pressure drop increases. A chart for 
determining * e will "be described later. 

The quantity Cy 2 €T 4 /T 2a was chosen as one of the parameters 
in the graphs because of the resulting reduction in the number of 
curves required to present the jet thrust horsepower and "because the 
important trends are readily apparent from the curves. In many 
cases the value of the combustion temperature T| is one of the 
known design limitations. The value of T 2o can he computed hy 
means of equation (12) and, over a large part of the operating range 
of interest, it differs from atmospheric temperature hy less than 
20 percent.' Thus, the value of Cy 2 eT 4 /T 2a can he quickly computed 
or estimated, depending on the accuracy desired. 

Figure 2(h), which can he computed from figure 2(a) (or equa- 
tion (20)), shows the variation of thpA) b P e with X for various 
values of Cy 2 63?4/%2a and and is presented for the purpose 

of graphically illustrating the trend of the magnification of the 
"blower power hy the jet -propulsion system. 

The fuel consumptions per thrust horsepower -hour of the jet and 
the engine may he ohtained from figure 3, which is a plot of equa- 
tions (21) and (24). The total specific fuel consumption is the ^ sum 
of these two values. The engine fuel consumption is plotted against 
the same variables as the jet fuel consumption for the purpose of 
comparing their relative magnitudes. The engine fuel consumption 
can he calculated more readily hy merely taking the product of the 
engine power and the engine hrake specific fuel consumption. 

Figure 4 shows an alternative method of presenting the fuel- 
consumption curves. The curves of jet fuel consumption were ohtained 
hy cross-plotting figures 2(h) and 3(a). The curves of engine fuel 
consumption were computed from equation (24) (see Analysis) for three 
values of enginn hrake specific fuel consumption B- The values of 
c of 7.728 Btu per slug °F (air at 80° t) and the heating value of 



HA.CA ACE No. E4E06 



9 



the fuel h of 19 , 000 Btu per pound, were chosen in the computations 
of the jet fuel consumption in this report. It is noted in equa- 
tion (23.) that the jet specific fuel consumption is directly propor- 
tional to c-r) and inversely proportional to h. The values of 
specific fuel consumption can be corrected for other values of Cp 
and h than those which are used in this report by making use of 
these proportionalities. The values of Cp vary somewhat with the 
t^pe of fuel used and the temperature range during combustion. The 
values of Cp for combrstion gas in the ccmbustion-temperatvire range 
are usually about 10 percent higher than the value used in this 
report, and the jet fuel consumptions given should be increased by 
10 percent. The value of the jet fuel rate obtained from figures 3 
and 4 and equation (21) should be reduced by an amount equivalent 
in combustion heat to the heat generated by turbulence. (See appen- 
dix B . ) This correction in the usual case is small and may be 
neglected. 

Figure 5 is a plot of equation (17) and provides a means of 
obtaining the value of e from the values of X, V2< Y o> an ^ 
T4/ 7 T^ a for use in computing the term Cy 2 eT^/^a in figures 2, 
3, and 4. The factor e takes care of the pressure drop in the 
combustion chamber caused by the increase in momentum of the gases 
in the process of heating. 

In figure 6 are plotted values of thrust per unit mass f/m 
from equation (19) for take-off conditions of V 0 equal to 0 and 

150 feet per second. The term (l - %) ( Y o 2 " 7 2 2 ) in v o 2x 
must be omitted when Yo is greater than V 0 ; as discussed in 
detail in appendix A. 

Figures 7 to 10 show the performance for an illustrative case 
and will be discussed in detail later. Figure 11 gives values of 
the adiabatic temperature equivalent of velocity for aiding in the 
computation of T^ a and Tg- (See equations (12) and (32).) Fig- 
ure 12 shows the ratio of the blower total exit pressure to total 
inlet pressure . 

Maximum economy is obtained by burning no fuel in the jet. 
The system then reduces to the equivalent of a ducted propeller that 
is capable of high efficiency. The quantity thp/nfePe is > in thla 
case, less than unity and can theoretically be made to approach unity 
by increasing the quantity of air pumped and by improving the effi- 
ciencies of the diffuse! 1 and nozzle. 
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Burning fuel in the $&t provides a means of obtaining a thrust 
horsepower many times the engine power. This procedure is wasteful 
of fuel but in maneuvers of brief duration, such as take-off and 
combat; high power is more important than low specific fuel consump- 
tion. 

Of the figures shown, figure 4 possibly provides the clearest 
picture of the performance that may be obtained for this type of 
operation and shows that considerable magnification of the blower 
power can be achieved at the cost of increased fuel consumption per 
thrust horsepower -hour . For an effective duct efficiency that can 
reasonably be expected, namely, V)g 1 = 0.90, the specific fuel 
consumption for a given power magnification is nearly independent of 
the combustion-chamber temperatures up to a power magnification of 6. 
Thus, the power magnification in this range depends mainly on the 
amount of fuel "burned in the jet and only slightly on the amount 
of air pumped. As the air rate is reduced for a given fuel rate, 
the combustion temperature is increased. An upper limit of 
combust ion- chamber temperature exists and is determined by the 
strength-temperature properties of the structure and the amount of 
surface cooling provided. As the air rate is increased for a given 
fuel rate, the combustion temperature decreases. Increase in air 
rate; however, increases the velocity V 2 a * the burner (for a 
given unit size) a: id a point is reached where this velocity becomes 
excessive and causes a reduction in € (see fig. 5) and an increase 
in specific fuel rate (see plot of f c in fig. 4). This condition 
establishes a lower limit on the combustion-chamber temperature and 
an upper limit on air rate for a given fuel-flow rate . The proper 
air rate lies bet^en this upper limit and the lower limit imposed 
by maximum allowable combustion temperature. The higher the power 
magnification, zhe closer are the low and the high air-flow rate 
limits. In a choice of the air rate ; consideration should be given 
to the characteristics of the blower. The lower the air rate, the 
higher is the pressure rise across the blower for a given engine 
power . 

Above a power magnification of 6, inspection of figure 4 for 
= 0.90 appears to indicate an advantage in operating at low 
combustion-chamber temperatures. An increase in power magnification 
and a reduction in combustion-chamber temperatures, however, both 
tend to increase the required air rate. In a duct of practical 
size this high air rate may lead to excessive velocities at the com- 
bustion chamber and to a reduction in e, the effect of which may 
increase the specific fuel consumption for low combust ion- chamber 
temperatures with respect to that for high combustion-chamber tem- 
peratures. This effect will be illustrated in a later section when 
a specific design will be discussed in detail. It will be further 
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shc-.7ii that the effect under discussion places an upper limit on the 
:a- ^xification of the "blower power that can he obtained for a given 
combustion -chamber temperature; the higher the combustion-chamber 
temperature , the higher is the maximum power magnification for a 
given blower power and duct size. 

The maximum thrust horsepower for a given duct diameter and 
engine power is developed when the maximum amount of fuel is burned 
in the Jet (fig. 4) > consistent with a number of practical limita- 
tions . The amount of fuel that may be burned is limited by the 
permissible maximim cornbustion-chamber temperature. The larger the 
air-flow rate through the combustion chamber, the larger is the per- 
missible fuel-flow rate for a given limiting combustion temperature. 
The max j mm air -flow rate depends on the maximimi velocity of approach 
to the burners ?g at which combustion can be maintained or at 
which c is not appreciably less than unity. This air-flow rate 
can be roughly estimated by taking the product of the maximum Vg/ 
the combustion-chamber cross-sectional area, and the atmospheric 
density. Further increase in thrust horsepower for the given duct 
size requires an increo.se in the engine power. 

Inspection of the ordinate of figure 4 reveals that the jet 
specific fuel consumption decreases rapidly with increase in airplane 
velocity, decrease in atmospheric temperature, and increase in com- 
bustion efficiency. The curves for f c indicate the loss in effi- 
ciency accompanying a reduction in discharge-nozzle-velocity 
coefficient and in the value of e. 

It is noted that; for TJ^ 1 = 0.70, the jet fuel consumption 
increases with reduction in combust ion- chamber temperature. This 
increase is the result of higher losses in the duct with the higher 
air rates required to maintain the lower combustion-chamber temper- 
atures. The came effect is noted for r) d ' = 0.90 at low power 
magnifications but to a much lesser degree than for r\^ : ^ 0.70 
because of the greater value of 1 . Comparison of the curves for 
r)<l T of 0.70 and 0.90 indicates the importance of a high diffuser 
efficiency and a low burner drag. With good design, values of 
of 0.90 or greater can reasonably be expected. 

The equations and curves neglect the usually small contribution 
to the thrust provided by the rearward motion of the fuel. The 
thrust horsepower corrected for this contribution is 



Corrected thrust horsepower 
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The jet-propulsive effect of the engine exhaust was also neglected. 
If individual jet stacks are used., the engine exhaust thrust maj "be 
computed "by means of the data in reference 1. In this computation 
the cost of taking on hoard the engine air should "be included. 

The following example illustrates an application of the curves 
in figures 2, 3, and 5: 

The given design and flight conditions are: 

Altitude, feet 30,000 

Atmospheric temperature, °F absolute 412 

Airplane velocity Y 0 , miles per hour 500 

or feet per second 7 33 

Velocity of approach to "burners V2* feet per second .... 200 

Temperature after combustion T4, °F absolute 2260 

Jet air flow M, slugs per second 4 

Engine power P e , "brake horsepower 1200 

Blower efficiency Tfy 0.90 

Combustion efficiency i) c 0.85 

Diffuser efficiency T}^ 0.90 

Nozzle-velocity coefficient Cy - 0.98 

Pressure drop across hurner AP2-3^ pounds per square foot . . 10 
Engine "brake specific fuel consumption B, pounds per 

"brake horsepower-hour 0.5 

The value of T 2a niay he computed from equation (12) arid the 

foregoing data and is 475° F absolute. 

The following quantities may then he computed: 

IV 2260 

HL = = 4.76 

?2a 475 

ll =^ - 0.273 

V 0 733 



I™'* 2 1 7332 

2 = i x 4 X = 1950 hp 

550 2 550 



From equation (6) 
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x „ &t|J&! - (1 - o.9) (1 - 0.2732) - 10 X 0-2^ * 16 

lbb0 ± X 4 X 200 

2 

= 0.554 - 0.093 - 0.031 = 0.430 
where the duct area is 16.4 square feet. 

Frcm figure 5 

6 =0.80 

Thus 

Cy 2 eT t /T 2a = 0.98 2 X C.80 X 4.76 = 3.65 
From, figure 2(a) 

^1*2 = 2.56 



or 



From figure 3(a) 



and 



thp = 2.56 X 1950 = 5000 



n c W f j/thp f t =2.20 



or. the Jet specific fuel consumption is 

The engine fuel concumptiGn is 

0.5 X 1200 = 600 (lTD)/(lir) 
cr, in terms of specific fuel consumption, 

Jg = 0.12 (lfc)/(tLp-hr) 

5000 
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The total specific fuel consumption is 

Wf/thp * 2.36 +0.12 = 2.4-3 (lb) /(thp-hr) 

The magnification of the "blower power is 

thp _ _ J3000 _ rr7 
Ve °' 9 X 1200 ~ 

The duct area Ap can "be found bj the equations given in 
appendix C and is 16.4 square feet. 



Illustrative Example of Application of the Jet -Propulsion System 

The application of the jet-propulsion system to pursuit and 
interceptor fighters has been suggested. In the cruising condition 
the system may "be operated without burning fuel in the combustion 
chamber, in which case the system reduces in action to a mechanically 
actuated jet device that is capable of high efficiency. In take-off 
and during combat extremely high power can he obtained at the expense 
of high fuel consumption by burning fuel in the combustion chamber. 
These operations are of relatively short duration and high thrust 
power is more important than high efficiency. 

An illustrative case of such an application will be discussed 
in detail as it brings out some of the characteristics and limita- 
tions of the system. A jet -propulsion system, which is provided 
with a combustion chamber 5 feet in diameter, housed within a fuse- 
lage or nacelle and a variable -area discharge nozzle will be con- 
sidered. At each point the correct blower to handle the required 
amount of air at the specified power and. efficiency of the problem 
is assumed. The following are the assumed performance characteristics 
of the components of the system: 

Blower efficiency % ...... 0.90 

Combustion efficiency % °- 90 

Diffuser efficiency rj d 0 .90 

Nozzle -velocity coefficient Cy . . I- 00 

Pressure drop across burner fiffigi pounds per square foot . . 0 

The combustion- chamber temperature is assumed to be limited to 
2260° F absolute. Air conditions are based on HACA standard atmos- 
phere (reference 2) . 
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Figure 7 shows the Jet thrust horsepower that can "be obtained 
at sea level and at 30,000 feet for engine powers of 600 and 
1200 horsepower for various rates of air flow. The curves indicate 
that a thrust horsepower of 10,000 can he obtained at sea level with 
a 1200 -horsepower engine at an air-flow rate of about 13 slugs per 
second. The reduction in thrust horsepower at higher values of M 
is mainly caused by excessive pressure drop in the combustion chamber 
associated with the large momentum changes resulting from combustion 
at the high values of V 2 - The energy loss in the diffuser is a 
contributing factor to the loss in thrust at high values of air flow. 

It is noted in figure 7 that, for the two sea-level cases, the 
specific fuel consumption "begins to increase rapidly at an air flow 
of about 9 slugs per second. In the vicinity of 9 slugs per second 
the thrust -horsepower curves begin to level off in approaching the 
peak value and it appears to be good judgment to accept a small 
reduction in thrust horsopcver "go avoid extremely high specific fuel 
consumptions. In the case of operation at 30,000 feet, a similar 
compromise air flow appears at I slugs per second. The velocities 
of approach to the burner corresponding to these compromise air 
flows are between 150 and 170 feet per second for both sea level and 
30,000 feet. 

Figure 8 shows the thrust horsepower obtained for the conditions 
tabulated when cruising at an airplane velocity cf 200 and 300 feet 
per second and when no fuel is burned in the combustion chamber. 
The over-all propulsive efficiency is the ratio of the thrust horse- 
power thp to the engine horsepower P e . For example , at an air 
flow of 14*5 slugs per second and an airplane velocity of 300 feet 
per second at sea level and at 1200 engine horsepower, the net pro- 
pulsive efficiency is 0.75. The curves cf thrust horsepower against 
air flow in figure 8 have not reached their peak values for the 
range of air flows shown. Comparison of figures 7 and 8 indicates 
that a given Jet -propulsion system should be designed to handle 
considerably more air in the cruise condition with cold jet than in 
the high-power condition when fuel is burned in the jet. This 
requirement would necessitate a blower with variable -pitch blades 
in addition to a discharge nozzle with a variable-area control. 

The thrust that may be developed by the system under consider- 
ation for take-off operation is shown in figure 9. Curves (a) show 
the case where sufficient fuel is burned to maintain a combustion- 
chamber gas temperature of 1800° F (2260° F absolute). Curves (b) 
show the case where the gas temperatures are held at the optimum 
values for maximum thrust. At values of M greater than those at 
the points of tangency of curves (a) and their associated curves (b), 
the optimum gas temperatures are less than 1800° F and decrease 
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rapidly as M is increased; at smaller values of M the optimum, 
values of combustion temperature are greater than 1800° F and are 
not usable under the present assumption of maximum permissible tem- 
perature . It appears that, at take-off with mass-air-flow rates 
close to those required for high-speed operation at sea level, 
thrusts somewhat less than the maximum values of curves (a) are 
obtained . The combustion-chamber gas temperature at these higher 
mass-air- flow rates will also "be reduced with respect to the value 
of 1800° f. 

Figure 10 shows the variation of specific fuel consumption per 
th^st horsepower-hour with jet thrust horsepower for combustion- 
chamber gas temperatures of 1860°, 2260°, and 2660° F absolute at 
sea level and at 30,000 feet. Inspection of the curves reveals 
that, if the thrust horsepower is to "be reduced "below the maximum 
value for a given maxiinura allowable combustion temperature , the fuel 
and air flow should first be reduced keeping the maximum allowable 
temperature in the combustion chamber in order to obtain the maximum 
reduction in fuel consumption. Below a certain point the specific 
fuel consumption for a given power appears to be independent, within 
limits, of combustion temperature. From strength considerations, 
it is advantageous to operate at the lowest temperature that will 
give efficient performance . 

The design of a jet-propulsion system for a .specific applica- 
tion requires a detailed analysis of the characteristics and operat- 
ing requirements of the airplane in which the system is to be 
installed. It i3 not the purpose of the present report to recommend 
any set of operating conditions but rather to show the trends and 
illustrate some of the considerations involved in a jet -propulsion 
system of the type under discussion. 



CONCLUSIONS 

The following conclusions are made on the jet-propulsion system 
comprising an engine, a compressor, a burner, and a discharge nozzle: 

1 . At a given airplane speed the power magnification, that is, 
the ratio of the thrust horsepower to the blower power, is a function 
mainly of the specific fuel consumption in the jet. The greater the 
power magnification, the greater is the required jet fuel consumption 
per thrust horsepower-hour. 

2. Over a large part of the practical operating range for a 
given fuel flow, the amount of air handled has a secondary effect 
on the net efficiency or thrust horsepower. For a given fuel rate 
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and blower power , at very low air-flow rates , the combustion temper- 
ature "becomes excessive and results in structural failure; whereas 
at very high air-flow rates, if the combustion-chamber size is 
limited j the velocity in the combustion Chamber "becomes very large 
accompanied "by an excessive pressure drop caused "by momentum 
change during the combustion process and results in a sharp drop in 
net efficiency. The satisfactory air-flow rate lies between these 
limits. Practical consideration may place it closer to the high 
flow-rate limit because of the lower combustion-chamber temperature 
and the lower pressure rise that is required from the blower. 

3. The higher the power magnification, the closer are the low 
and the high air-flow limits and the smaller is the range of permis- 
sible air-flow rates. At very high power magnifications, the main- 
tenance of safe gas temperature is the limiting factor and excessive 
air-flow rates may be required, attended by sharply decreasing 
efficiency. The power magnification approaches a maximum and then 
falls off as the air and fuel rate is increased. 

4. The maximum possible power magnification for a given 
combustion-chamber temperature and size decreases with increase in 
altitude because the mass -air-flow rate, at which excessive veloc- 
ities in the combustion chamber occur, decreases with increase in 
altitude as a result of the decreased air density. 

5. When maximum efficiency is the primary consideration, no 
fuel should be burned in the combustion chamber and the system 
reduces in operation to a mechanically actuated jet. 

6. For a given airplane speed, engine power, and air velocity 
entering the combustion chamber, because of the pressure drop in 
the combustion chamber associated with the increase in the momentum 
of the gas during combustion, an optimum gas temperature exists 
above which any further increase in temperature results in a decrease 
in thrust . 
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APPENDIX A 



TEKTST HORSEPOWER OF - <J~ET 

In the following analysis, terms having a negligible effect 
on the result -were omitted from the equations. 

The thrust horsepower of the jet-propulsion device is given 
"by application of the familiar momentum equation 

th P * ggg (V 5 - V 0 ) (1) 

It is expedient in the analysis to make use of a fictitious jet 
velocity defined as follows: Let V 5a he the jet velocity for 
the case where no fuel is "burned in the combustion chamber "but 
where the "blower power, mass flow, pressure at the combustion- 
chamber entrance, and the diffuser and "blower efficiencies remain 
the same as for the case where fuel is turned- This condition is 
mechanically achieved ty adjusting the discharge -nozzle opening. 
It is further required in the definition of V 5a that heat gener- 
ated "by turbulence resulting from energy losses in the diffuser, 
the "blower, and the turner is removed from the gas as it is formed 
and therefore does not contribute to the exit velocity V 5a . Let 
a "be defined by the relation 



Then 

550 thp JYs 

her. 



«Mr.&*4*-.x) (3) 



2 ° 



When the theoretical gain in kinetic energy of the air fcr 
the cold condition is equated to the difference between mechanical 
power added "by the "blower and the power losses at the diffuser and 
at the constriction in the combustion chamber caused "by the turner, 
there is obtained 



hi 



/v, 



5a 



v o 



= 550 



An 



- M- 



2-3 



(4) 



MCA ACE Ho . E4E0G 



19 



An approximation is apparent in equation (4) where the diffuser 
efficiency is assiimed to apply to the change in velocity from. V D 
to Vg- The complication of a more exact relation is not consid- 
ered warranted "beca^^se of the smtillness of the error involved. 



Solution for V5 a /v o frcm equation (4) gives 

W'v 0 = c v 4 1 +X 



where 



550^? 



— ■— - 1 



S ! 



1 "( 



\ Y o) I 



^2 



V^ 2 



(5) 



(6) 



or 



V 2 X 



350^ 
fa 



Of 



^d ) ( V 



A P2-3 o 



(V) 



and 



i 2 



i 

2 



Let 



V 



he defined "b: 



^d 



' a 1 - 



Equation (G) "becomes 



X = 



1 - 



55oy e 



I 2 

V 



^2- 



*2 



5 RT 

\ v oy 



(1 - Id') 



(8) 



(9) 



Part of the diffusing action takes place in the free-air 
stream ahead of the nacelle. The diffuser efficiency includes 
losses in this region as well as those occurring in the diffuser 
proper. When the velocity at the combustion chamber V 2 becomes 
greater than the free-air velocity V 0> a nozzle rather than a 
diffuser is required. In such cases the sign ahead of the terns 



20 



NACA ACE No . 241506 



1 - % 



and 



should "be changed in order that these terms again appear as a loss 
in energy. In all cases the efficiency tj^ is defined as the 
ratio of the true change in liinc-tic energy to the ideal change in 
kinetic energy for the s*ime entrance condition and pressure change . 
Therefore, conditions where V;? > ^o should he treated as special 
cases where , depending on the over-all efficiency of the Venturis 
the second term on the right -hand side of equations (4), (6), and 
(7) can he either corrected or omitted. 

Combining equations (3) and (5) 



550 thp 



(1 + x) - 1 



(10) 



The equation for the jet thrust per unit mass flow is 



F/M =C y /ya(v 0 2 +V 0 %) - Y c 



(11) 



The quantity, a may he derived in the following manner. The 
discharge velocity of the jet is given hy the equation 

I 



V T 4 



where T4 and p^ are the total temperature and pressure, respec- 
tively . 

For the cold condition a similar expression for Yg a may he 
obtained with T4 replaced hy T? a , where T^ a is a theoretical 
total temperature at the turner entrance corresponding to the case 
where the jet discharge velocity is Vg a . The valao of Tga 
obtained fron the conditions given in the definition of Vjfo is 
sub stant tally 
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T 2a = T D + Jc 



MJc, 



(12) 



The remark that follows equation (4) applies also in the case of 
equation (12) . 

The jet velocity for the cold condition is then given "by 



V 5a = C V hi 2 J°p *2a 



2-1 



where p 3 is the total pressure 



Let Ap 3 .. 4 = p, 



Then 



(13) 



1=1 



V 



2Jc p T 4 1 - f — 



p o\ 7 



1 - 



_x-i 

ap 3 _ 4 \ y 



1 



p - J 



When the first two terms of the series expansion for the 
Ap 3 . 4 \ 7 

— jr— j are taken 



term .1 - 



V 5 = C y * 2j Cp T 4 



1=1 1=1 



(*£) 7 flfd) 7 Ap 5-4 y-1 



V 5 - 
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P 2 



Ap 5-4 

P 3 T 3 Jc p 



C 2a 
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V 5 - A 



V L 



■3/ 



t-1 








p 3 "~ 


2a 



Where the assumption is made that T 2a /T 3 my be taken equal to 
unity in the term containing 



Then 



V 5 = Fj 



/ v 

V T 2a 



(14) 



where 



1 - 



2 f — °- j 

\-o/ 



Ap 3-i V 
3 v 5a 



(15) 



Thus 



a = _i. G 



(16) 



*2a 



But 



3-4 



**3-4 = 2 ^3 L" ~ XJ 



If the approximations are made that V 4 /v 3 * T 4 /T 2a and V 3 - fg, 
then 

G V 2 7 2 2 /t 4 _ y Vo\~T 



ba 



When V r is eliminated from the equation for £ by means of equa 



^a 



tion {$), there results 
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7-1 



I + X 



For the type of system under discussion, the term 



fa) 



7.-1 



in the 



equation for 6 may be replaced by unity without introducing 
appreciable error in the practical rang© of operation. Thus 

\2 



fey (x . j) 

W \ T 2a V 



C « 1 3-^-3= 



(17) 



Combination of equations (30) and (IS) gives the thrust horsepower 
equation as 



550 thp 

"1 T 



= 2 



/ 1 



1 



(18) 



Eq.viat.iona (.11) and (16) give the thrust equation as 



F/M =a/C y 2 e _L (v 0 2 + Y 0 2 X) - V c 
a 



(19) 



The ratio of thp t\-^P g can be derived from equations (6) 
and (.18) 

2 /c v 2 6 il(i + x) -1 

thp I V 



?2a 



X + (1 - Hd) 



1 - 



*2 



A £2_-3 f^Z*\ 
12VV 



or from equations (9) and (13) 
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Ve 



I 2 A 4 
. V x 2a 



(1 + X) 

I 

• - V 



(20) 



In this analysis the thrust obtained from the rearward motion 
of the fuel was neglected. The following relation will correct for 
this contribution to the thrust: 



Corrected thrust horsepower = thp [ 1 + ~1A ) + M ° v , 

y 3b00 Mgy 1 . -Jog 



^ W . .V 2 1CT 6 



The thrust of the engine exhaust was also neglected. 
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APPENDIX B 



FUEL CONSUMPTION 



Combustion of the jet fuel occurs at substantially constant 
pressure; therefore 

Ti c hW rj m Mc p (T 4 - T 2 ) 3600 



or 

V** j ■ Mc P (*4 - T 2a) 3600 " Mc p tH - *W 3600 



The terra Mc-p (T2 - T2a) 3600 represents the heat generated by 
turbulence in the cliff user and at the blower. This heat is usu- 
ally small compared with the heat generated by combustion and in 
most cases can bo neglected. It will be neglected in the subse- 
quent equations. For low eff iciencie&j to correct for this 
approximation, it is merely necessary to subtract from the fuel 
rate obtained from the ensuing equations a value equivalent to 
the heat generated by turbulence. Then from equation (13) 



If 



and 



thp 



thp 



c 3600 T 2a f ~ - 1 j 550 
V A 2a / 



— (lb)/(thp-hr) (21) 



/c/c |l (1 + X) - 1 
V x 2a 



c„ = 7.728 (Btu)/(fllug)(°F) 

XT 

h = 19,000 (Btu)/(lb fuel) 

fx< 



805.3 T 2a I =rr " 1 



2a 



,, : C, r 2 £ _* (1 + X) - 1 



- (lb) /(thp -hi*) 



2a 



2 0 
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The engine fuel consumption can be assumed to be propojrtional 
to the engine brake horsepower. Thus, 



Wf 9 - BP e (lb)/(hr) 



From equations (18) and (22) 



W p. BP 550 
re _ e 

thp 2 



X 



2 j ftjCy 2 £ ^ (1 + X) - l| 



T . 



I \! ^2a 
From .equation (3), equation (2.3) becomes 



(22) 



(lb)/(thp-hr) 



(23) 



thp 



Assuming 



and 



b|x + (i - n d ')] 



B 



2 ift 



c v 2 e It (i ,. X ) - ll 

^a 



n d ' = o.so 



ajr (lbj/(thp-hrj 



(24) 



B = 0.6 (lb fuel)/(bhp-hr) 



then 



tiro ' 



0.3 (X + 0.1) v //., , * 

_ — . — i _ . ( ib ) / ( thp -hr ) 



(25) 
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APPENDIX C 

RELATIONS BETWEEN ATMOSPHERIC CONDITIONS AND 

CONDITIONS AT COMBUSTION -CHAMBER ENTRANCE 

Accurate values of V 2 and Tg may be found by the following 
method. The conditions after the dirfuser and before the blower 
(V,, p., aiid T«) can be obtained from the following three formulas: 

Prom the conservation of energy 



Jc ° Jc 1 
P P 



(26) 



From the definition of diffuser efficiency 

7-1 



- t 0 ) m t 0 j ( 



iy 



and 



MRT^ 
A D P 1 



(27) 



(28) 



The values of Vg, pg, and Tg may be found by the fo.llowing 
formulas : 



550i! b P e = Jc p T x M 



7-1 



v 7 

a ) 



VP. / 



• 1 9 1 9 
i 1 2 2 2 1 



(29) 



1 2 
Jc„ 



+ Tn 



550P 
e 

MJc 



l v 2 
=Vg 

+ T 

Jc 0 l Z 



(30) 



and 
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IPS' •• 

V 2 - £^ (31) 

For an approximate valve of VV,, values for ?g and p 0 

can be replaced, by T and p in equation (31). Equations (26) 
and i'^O) give 



12 l, r 2 

m n 550P P 5 v p 

which can then he used to f ind . 

If Mj P 0 , 1 l 0 ; P 0 j ena "V Q are lr.novn and V 2 is a^umed 
to be equal to Vi as an apvroxi: -ation ; then for any value of. V| 
the values of ^ and T 2 can be ofetaiP$$ tvom equations (26) 

and (30), respectively* By u^o of this m%h®£ the values of p 1 
and p 2 can be obtained from equations (27) and (29*), respectively, 
and the value of A D tr<M equation (31) . 
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Figure 1. - Diagram of jet-propulsion system. 



NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 



Fig. 2a, b 



NACA ACR No. E1E06 




NACA ACR No. E4E06 



Fig. 3a, b 
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(b) Fuel consumption factor of engine per jet thrust horsepower-hour (T)' d =0. 9; B»0.6 lb/bhp-hr), 
Figure 3,- Specific fuel consumption factor of jet-propulsion device. 
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Correction factor € for momentum pressure drop In combustion chamher. 
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Figure 7.- Jet thrust horsepower, specific fuel consumption, and burner 
entrance velocity against air flow, for an airplane velocity 
of 500 miles per hour for the illustrative case 

(T \> = = = ° #9] °V = 1} * P 2-3 = °i T 4 = 2260 ° F ab5 *# 
combustion-chamber diameter, 5 ft). 
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Figure 8#- Hirust horsepower in cruise condition with no fuel burned In jet for the illustrative 
case (t)^ « = 0#9j ^2-3 ®i Cy = 1; combustion-chamber diameter, 5 ft)« 
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Figure 9,- Thrust during take-off operation for the illustrative case 
(Maximum T 4 = 1800° Pj n^ = T)^ a 0.9- C y - 1; Ap 2 _ 3 = 0« 
combust ion -chamber diameter, 5 ft). 
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Fig. 10 




thp 

Figure 10.- Variation of specific fuel consumption with jet 
thrust horsepower for various combustion-chamber 
temperatures and altitudes (P = 1200 hp* 
^b = ^c = ^d = °- 9 J V Q = 733 fps; C y = 1; Ap = 0; 
combustion-chamber diameter, 5 ft)# 
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Figure 11.- Adlabatic temperature equivalent of velocity of air. 
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Figure 12.- Total pressure ratio of blower. 
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